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INTRODUCTION 
Various workers have attempted to estimate the relative import­
ance of additive and non-additive genetic variance in maize (Zea mays L.). 
The types of populations studied have included open-pollinated varieties, 
the cross of two varieties, the advanced generation of a variety cross, 
segregating generations of hybrids between pairs of inbred lines, a 
set of diallel crosses, and the reconstituted population produced from 
crossing a group of random inbred lines. 
Different statistical models and assumptions have been employed 
in obtaining the estimates of genetic variability in the various pop­
ulations. The models which frequently have been used involve two co-
variances between relatives, namely, covariance of full-sibs and co-
variance of half-sibs, and a somewhat unrealistic assumption of no epis-
tacy. Little data based on relatives from two or more generations are 
available from random-mating populations. The number of different co-
variances available determines the maximum number of genetic parameters 
which can be estimated. The imposed assumption of no epistacy on the 
model will result in estimates which are biased by some types of non­
allelic gene interactions. Results from crosses of selected lines pro­
vide no satisfactory information in regard to genetic variability of 
any base population or the maximum deviation from the average esti­
mate of the base population. For these reasons, the previous results 
have not received complete acceptance by plant breeders. 
The present study attempts to take two-factor and three-factor 
epistatic variance into account by translating 66 phenotypic covari-
ances among relatives into genetic components of variance by the least 
2 
squares procedure. These relatives were the products of a two-genera-
tion mating system derived from a random-mating population of maize, 
Reid Yellow Dent. The results provide information about the additive 
genetic variance dominance variance <r^, and the epistatic com-
2 2 2 2 
ponents of variance <3^^, and of the population based 
on the assumptions of an arbitrary number of loci and alleles, ar­
bitrary dominance, absence of other components of epistatic variance, 
and no linkage. Such information may provide a basis for the devel­
opment of breeding systems of maximum efficiency. 
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REVIEW OF LITERATURE 
The study of the covariance among relatives was initiated early 
in the twentieth century. Pearson (1904) was apparently the first to 
lay the foundation of the theory of the inheritance of a character 
determined by a large number of Mendelian genes. For a population 
segregating for n pairs of genes, with complete dominance and diff­
erent loci combining their effects by simple addition, he found that 
the genotypic correlation coefficients for the parent-offspring re­
lation was 1/3 and the fraternal 5/12. Yule (1906) discussed Pear­
son's results and suggested that the low value of the correlation 
was due to the assumption of complete dominance. He further indica­
ted that the identical effects of either dominance or environment 
could reduce the correlations between relatives. 
A theorem of population genetics concerned with frequencies 
of genes and of homozygous and heterozygous genotypes in a Mendelian 
population was demonstrated independently in 1908 by Hardy in Eng­
land and by Weinberg in Germany. They showed that in a large ran­
dom-mating population with one locus segregating both gene fre­
quencies and genotype frequencies are constant from generation to 
generation in the absence of migration, mutation and selection; and 
that the genotypic frequencies are determined by the gene frequencies. 
The inheritance of continuously varying traits, caused by joint 
action of several or many additive genes, was visualized by Nilsson-
Ehle (1908) working with seed color in wheat and by East (1910) work­
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ing with ear size in maize. Their experiments provided a clear demon­
stration of the multiple-factors hypothesis which deals with the nature 
of the distribution of quantitative characters in a random-mating pop­
ulation. 
Fisher (1918) gave a complete treatment for any degree of dom­
inance for a random-mating population, giving correlations for parent-
offspring, full-sib, uncle-nephew, cousin, and double-first-cousin re­
lationships. Two-factor epistacy was considered for parent-offspring 
and full-sib correlations. The general solution included an arbitrary 
number of alleles. Special consideration was given to assortative 
mating and to the effects of linkage. He found that linkage caused no 
effect in an equilibrium population, in that closely linked loci acted 
essentially as one locus with an appropriate number of alleles. 
Another approach for examining the correlations between relatives 
was presented by Wright (1921) based on the theory of path coefficients. 
This method was appropriate for the simple case of no dominance and 
no interaction between loci, and the covariances with respect to dom­
inance deviations were not considered by this method. Wright (1935) 
further outlined procedures for estimating genetic variances and dis­
cussed applications of the information. 
Fisher e^ al. (1932) extended the earlier work of Fisher (1918) 
to include the third degree statistics in the study of quantitative 
inheritance. They state that if heritable variance observable among 
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any group of organisms is the sum of the variance due to the individual 
loci, the model is easily extended so that any number of Icci may be 
considered affecting the character being study. Fisher ejt al^. con­
sidered epistasis to be negligible. 
Malecot (1948) combined Fisher's and Wright's ideas of the correl­
ation between relatives into a unique generalization. Assuming a large, 
random-mating population and equal frequencies and probabilities of 
genes in each generation but without inbreeding and linkage effects, 
he obtained a theoretical form for the correlation coefficient (r) of 
gendtypic values for any two relatives from the population. The for­
mula can be written as; 
0 + 0' -T 
r(XY) = ( —) + 00' ( — ) , 
2 crz 
where 
r(XY) = the coefficient of correlation of genotypic values of the 
randomly chosen individuals, X and Y, from the defined pop­
ulation with the genotypes and respectively, 
0 = the probability that and are identical by descent, 
0' = the probability that and are identical by descent, 
2 
<r = the total variance, 
2 
T = the additive genetic variance, 
2 £ = the dominance variance. 
The probabilities, that and are identical by descent, are 
assumed to be zero. Mutation is ignored, because its effect in disturb­
ing probabilities will be trivial. 
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In case of full sibs, where 
0=0'= 1/2, 
the correlation for full sibs is 
7^ 
r(FS) = (1/2) + (1/4) _ . 
For double cousins, where 
0 = 0 ' =  1/4 ,  
the correlation for double cousins is 
T t 
r(CS) = (1/4) + (1/16) ^2 . 
These correlations may be greater than the parent-offspring correl-
ation, r(PO) = (1/2) — , when dominance deviations are present. 
If 0 = 0' = 1, X and Y become identical. However, the formula given 
is restricted to the case of random-mating population for a single _ . 
locus with an arbitrary number of alleles and arbitrary dominance. 
Based on Fisher's (1918) and Fisher e^ al. (1932) theoretical 
model, Mather (1949) made extensive studies of gene action at an arbi­
trary number of loci with two alleles per locus. He discussed meth­
ods of genetical analysis based on the interpretation of means, va-
iances, and covariances. These mean and variance statistics can be 
calculated from the distribution of the varying characters in the 
families and generations obtained from crossing two true-breeding 
strains. To demonstrate these methods, Mather and Vines (1952) con­
ducted a breeding experiment on plant height and flowering time of 
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Nicotiana rustica to estimate the genetic components of variance and 
the environmental effect. 
Griffing (1950) considered epistasis when he devised the constant 
parent regression technique to analyze quantitative inheritance with 
the models extended to "n" gene pairs for a specific type of gene in­
teraction. The theory of epistasis was developed further by Anderson 
and Kempthorne (1954) with a two-level factorial model; by Cockerham 
(1954) with a partitioning of total hereditary variance into compo­
nents each with a single degree of freedom on the basis of orthogonal 
polynomials for the case of two alleles at a locus; by Kempthorne 
(1954) with the correlations between relatives for random-mating pop­
ulations; by Hayman (1954) with the diallel model; and by Hayman and 
Mather (1955) for the special case of two alleles per locus in crosses 
between inbred lines. 
Kempthorne (1954, 1957) considered the case of a random-mating 
population with an arbitrary number of loci and alleles, arbitrary dom­
inance, arbitrary epistacy, and no linkage. He showed that the covar-
iance of any two individuals from a random-mating population is equal 
to 
Cov(XY) = H (2r )^(u )^Gr^rpS 
r,s =0 
1 ^  r + s ^  n 
and 
n 
v(x) n 2 
r,s = 0 Cf.r s , 
8 
where 
n = all possible distinct sets of loci, 
r = the number of loci for additive effects, 
s = the number of loci for dominance effects, 
r^^ = the probability that a random gene of X at a locus is 
identical by descent to a random gene of Y at that locus, and 
= the probability that the pair of genes of X at a locus are 
identical by descent to the pair of genes of Y at that locus. 
Then the covariance with regard to the simplest interaction terras are 
as follow; 
2 IT s 
r + 8 = n (T. r_,s (2r ) (u ) Interaction 
AD xy xy 
II K3
 
CO
 II o
 2 
^ AA 
Additive x Additive 
r=l. 8=1 2 
^AD 
Additive x Dominance 
r=0, 8=2 2 
^DD 
Dominance x Dominance 
r=3. s=0 2 
°"AAA Add. X Add. x Add. 
r=2. S=1 2 (^AAD Add. X Add. x Dom. 
Kempthorne (1954) also pointed out that the results with regard to the 
additive x additive variance of interactions between loci were obtained 
by Fisher (1918) in his consideration of dual epistacy for the cases he 
investigated. 
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For a special case not involving random mating, Kempthorne (1955a,b) 
studied the correlation between relatives in a single locus autotetraploid 
population and obtained the solution for the correlations between rel­
atives under inbreeding. The covariance between full-sibs after "n" 
generations of full-sibbing and the covariance between parents in the 
n^^ generation and offspring in the (n + 1)^^ generation were obtained. 
Harris (1964) developed a more general parameterization of the co-
variance between the genotypic values of related individuals by includ­
ing the case when the individual may be inbred. This parameterization 
involved a set of basic parameters which are not influenced by the level 
of inbreeding or the nature of the relationship of the individuals. 
After the models involving additive, dominance epistatic effects 
had been developed, the subject of linkage parameters was considered. 
Apparently the theory of inheritance of a quantitative character, dev­
eloped primarily by Pearson (1904), dealt essentially with two alleles 
at a locus. More complex models were developed later which dealt with 
an arbitrary number of loci but linkage effects were generally assumed 
to be absent. However, some tests for linkage effects were devised by 
Mather (1949). 
Cockerham (1956) described how linkage affected covariances between 
relatives in randomly-mating diploid populations even though the geno­
typic frequencies of the population were in linkage equilibrium. The 
linkage effects were confounded in the epistatic components that appear­
ed in the covariances, and the covariance increased in magnitude as 
the recombination frequency at a locus decreased. Linkage parameters 
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in genetic models were not used generally, however, until Jones (1961) 
and Schnell (1961) each proposed a set of linkage parameters giving ex­
amples to demonstrate the use of their models in the covariances between 
relatives in the presence of interactions between loci. Hayman (1962) 
compared the methods of Jones and Schnell and concluded that both sets 
of parameters provided complete descriptions of the linkage situation 
with no redundancy, but Jones' parameters seemed to be genetically more 
convenient. 
Schnell (1963) extended his earlier work to include the effects of 
linkage and recombination values of less than one-half on the covariances 
between sibs, ancestor-offspring, and relatives with inbred parents. 
Van Aarde (1963) used Schnell's linkage parameters to construct a gen­
eral model for the covariance between relatives in the presence of link­
age in a random-mating population. 
Understanding of the linkage problem has been advanced greatly by 
numerous workers, but the problem of properly evaluating the effects of 
linkage in the estimation of genetic variances still remains. 
In breeding experiments relatives are generally developed by some 
system of mating, and progenies are grown in sets of environments. An 
analysis of the data obtained on the progenies from the particular matings 
employed in the experiment can be used to provide estimates of genetic 
variances. Cockerham (1963) reviewed some of the commonly used and sim­
pler designs, namely, diallel mating design, factorial mating design, 
nested mating design, and incomplete factorial mating designs. In addition. 
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he discussed in general terms the estimation of genetic variances. His 
investigations, for the most part, were limited to diploid reference 
populations ranging from non-inbred to inbred. 
Comstock and Robinson (1948) gave procedures for estimating the 
degree of the dominance. These procedures were identified as Experiment 
I, II, and III and reviewed by the same authors in 1952. Experiment I 
involved the biparental matings among one male to n female plants of 
the generation of a cross of two inbred lines or among the random­
ly chosen plants from a random-mating population with linkage equili­
brium. Experiment II involved all possible crosses among male (m) and 
female (n) plants chosen at random from the generation of a cross 
of two inbred lines or from a random-mating population. Experiment III 
consisted of matings of F^ plants to the two inbred parents from which 
the F^ was derived. 
Investigations of quantitative inheritance in corn were first re­
ported by Robinson et al. (1949). They reported estimates of the av­
erage degree of dominance of genes controlling eight quantitative char­
acters in corn. Their evidence indicated little or no dominance of 
genes affecting plant and ear height; partial dominance of genes for 
ear number, ear length, and husk score; approximately complete dom­
inance of genes for husk extension and ear diameter; and over-dominance 
of genes for yield. Gardner et al. (1953) used two F^ populations 
that were derived from crosses between homozygous lines of corn to 
estimate the average degree of dominance of genes affecting the ex-
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pression of 10 quantitative characters. They reported that partial to 
complete dominance of gene action was found for most of the characters, 
and over-dominance was indicated for yield in both populations. How­
ever, both of these authors pointed out that linkage and epistasis may 
have been important sources of upward bias in these estimates. 
Robinson et al. (1955) estimated the genetic components of variance 
in three southern open-pollinated varieties of corn. They indicated 
that all the estimates of additive genetic variance were larger than 
those of dominance variance for eight quantitative characters studied. 
With a similar mating system and statistical model to that which Rob­
inson et al. (1955) had employed to estimate the genetic variances, 
Williams (1960) and Lindsay (1962) worked on three corn-belt, open-
pollinated varieties of corn. Williams showed that estimates of add­
itive genetic variance obtained from two years' data for one sample of 
matings exceeded the estimates of dominance variance for five charac­
ters studied. However, data from another sample of matings showed some­
what irregular results. Lindsey combined his two years' experiments to 
show that additive genetic variance was of major importance for seven 
characters studied. Both of these authors stated that their estimates 
possibly were biased upward because they assumed no epistasis and no 
linkage in their models. 
Gardner (1963) gave an extensive review of previous works on es­
timation of genetic variances in corn. 
Eberhart (1961) attempted to estimate epistasis in two southern. 
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open-pollinated varieties of corn by using two sorts of covariance, 
each with different levels of inbreeding, namely, F = 0 and F = 1. 
He reported that additive variance appeared to account for the larg­
est proportion of the total genetic variance for all characters in 
both varieties, and most of the estimates of epistatic variances were 
zero or negative. 
In contrast, estimates of epistasis from selected inbred lines 
of corn gave different results. Gamble (1962) used six inbred lines 
of corn to estimate the mean effect, additive, dominance, additive x 
additive, additive x dominance, and dominance x dominance gene effects 
Estimates of the parameters were obtained using the population means 
of two inbred lines, their cross, and descendants arising from sub­
sequent selfing and crossing. He concluded that the magnitude and 
significance of the estimates for additive x additive, additive x 
dominance and dominance x dominance effects over the 15 crosses in­
dicated that epistatic gene effects were present and important in the 
basic genetic mechanism of yield inheritance in the corn population 
studied. Sprague et al. (1962) compared all the possible single and 
three-way crosses among six inbred lines and indicated that epistatic 
gene action may be of some importance in influencing yield potential 
of lines selected for high average combining ability. However, these 
authors pointed out that estimates were somewhat biased due to selec­
tion for epistatic effects since the inbred lines used were survivors 
from intensive selection. 
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MATERIALS'AND METHODS 
An open-pollinated variety of maize, Reid Yellow Dent, was used 
as the original population in this study. This variety had been main­
tained in an isolated nursery at Iowa State University for many gen­
erations; hence it was assumed to be a random-mating population at 
linkage equilibrium. The mating scheme adopted for preparing various 
relatives used in this study was an outgrowth of the plan presented by 
Kempthorne (1957, pp. 425-426). Families composed of the related in­
dividuals from various controlled crosses were produced to provide 
different degrees of relationship among progenies. The correlations 
between progenies were used as the basis for estimating the compo­
nents of genetic variance. 
In 1957 plants were chosen at random from the original population 
grown in the field. These plants were randomly designated as male (m) 
and female (f) parents. Three mating groups were established during 
the year. Each mating group consisted of numerous similar crosses but 
with different parents. In the first mating group, randomly-chosen 
male parents were each crossed with two randomly-chosen female parents 
and produced the progenies P and Q, i.e., f^ m f^ 
P Q 
For the second mating group, another group of male parents were used to 
pollinate one of another group of randomly-chosen female parents to ob­
tain progeny, R, i.e., f^ m^ 
The last mating group involved inbreeding. A number of randomly-chosen 
15a 
plants were self-fertilized to obtain inbred lines, S. 
To obtain the second generation progenies which were used for this 
study, the seeds of the P, Q, R, and S progenies were grown in 1958 with 
a bulk planting of the original random-mating population, designated as 
T. As these plants reached the sexually reproductive phase, 10 design­
ed matings between the T, P, Q, R, and S progenies were organized in 
such a manner that the plants used for any mating were chosen at ran­
dom from the specified parental row. Letter symbols A through K have 
been used to represent 11 full-sib progenies obtained from one first 
generation mating and the 10 second generation matings: 
The eleven full-sib progenies, which were designated as A, B, C, 
D, E, F, G, H, I, J, and K in this study, were related by descent and 
were considered as 11 branches of a family derived from a random-mating 
population. The complete mating scheme for a particular family is shown 
in Figure 1. A large number of families of this structure were produced. 
These families were the material grown in field experiments for obtain­
ing the correlations between relatives from which the magnitude of the 
various types of genetic variances were estimated in the original pop­
ulation -
J I K 
Random-
mating 
"bulk 
popula­
tion 
self-
fertilization 
Figure 1. Schematic representation of the mating system used in producing the eleven branches 
of a family 
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The field experiments were grown at Ames, Iowa in 1962 and 1963. 
Forty-five families from the breeding materials having adequate seeds 
for all 11 branches were available for this study. For convenience, 
these 45 families were assigned at random to five sets. Therefore, each 
set contained nine families; and each family contained 11 branches mak­
ing a total of 99 entries per set. These 99 entries of a set were ran­
domly assigned to a block in the field. Each year three repetitions of 
each of the five sets were randomly assigned to 15 blocks in the field. 
Individual plots were single rows with 19 single-plant hills spaced 
approximately 13 inches apart within the rows. Numerous plants failed 
to germinate, and many others suffered mechanical damage and were de­
signated as missing hills. Missing hills were replanted with a marker 
stock characterized by a purple-colored stalk which could be identi­
fied at harvest time by its color. These purple plants were grown 
merely to provide regular competition for the adjacent plants, and no 
data were recorded on them. Data were obtained on all plants which 
were guarded on both sides by other plants, either green or purple. 
Seven quantitative characters were chosen for study. The units 
used for measuring these characters were as described below: 
plant height - the distance in centimeters from the ground to the 
collar of the uppermost leaf; 
ear height - the distance in centimeters from the ground to the 
uppermost ear-bearing node; 
ear length - measured to the nearest 0.5 centimeter; 
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ear diameter - measured to the nearest 0.1 centimeter at the 
point of greatest diameter; 
kernel row number - the number of kernel rows for each ear at 
approximately one-third of the distance from the butt to the tip of 
the ear; 
kernel weight - obtained from three samples of 100 randomly-
drawn kernels and recorded to the nearest 0.1 gram; 
Yield - total grain weight from shelled ears in grams. 
Plant height and ear height were investigated on 10 bordered plants 
in each plot in the field after the plants had reached their full height. 
At harvesting time all bordered plants, regardless of the growing con­
dition, in each plot were harvested. For those rare plants having 
more than one ear, the ears were accepted as a single unit and were 
wrapped together in a paper bag. All ears obtained were dried in a 
forced air dryer for 10 days, which was considered adequate to dry all 
ears to the same moisture content. The study of the five quantitative 
ear characters was made in the laboratory after the ears had been dried. 
The second ears from the prolific plants were included in the measure­
ments of yield and kernel weight but not in the measurements of ear 
length, ear diameter, or kernel row number. 
The data from one family were omitted from the analysis of one of 
the sets in the 1962 experiment because an error was made in seed prepar­
ation for one of the branches of the family. 
Since the numbers of plants were not the same for all plots, plot 
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means on a per-plant basis were calculated. If fewer than four border­
ed plants were available in a plot, a missing value was calculated. In­
dividual plant data from one set in the 1953 experiment were used to 
obtain an estimate of intra-plot variance. The unweighted plot means 
were used for all other analyses. 
2 
The experimental error (o^) for each experiment was calculated with 
the procedure for a nested randomized design. The unweighted plot means 
denoted as were used for this analysis. For a single year's exper 
iment the following linear model was used: 
^ijkm = u + + d^j + + g^^^ + e_j^ , 
where 
^ijkm ~ observation of the m*"^ branch of the family 
£ .th 
of the 1 set; 
u = overall mean of the population, 
s^ = the effect of the i^^ set, i = 1, 2, 5, 
d^^ = the error associated with j replication of the i^^ set, 
j = 1, 2, 3, 
f= the effect of the k^^ family in the i set, k = 1, 2, 
'ikm 
= the effect of the m^^ branch of the k^^ family of the i*"^ 
set, m = 1. 2, •.., 11, 
e , = the error associated with the observation Y. 
ijkm ijkm. 
The d..'s and the e 's were assumed to be normally and independently 
ij ijkm 
2 2 distributed with zero means and , and <7" variances. 
a e 
The genetic variability of the original population was estimated 
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by means of covariance analysis of the data from the 11 branches of each 
family. With different degrees of relationship among and within the 
11 branches in the family, a total of 66 possible relationships could 
be established. Thus a total of 66 phenotypic covariances among and 
within the 11 branches were obtained. By assuming that the pair of in­
dividuals X.^. is a random one from the totality of pairs with the partie-
^ • J 
ular relationship from an infinite random-mating population without link­
age and at equilibrium, a genotypic covariance may be derived from each 
phenotypic covariance. For the case of one locus, this genotypic co-
variance was illustrated by Kempthorne (1954, 1957) as: 
Cov(XY) = 2r crj + u 
xy A xy D 
For the case of n unlinked loci the theoretical covariance value is 
Cov(XY) = 2r^yCrf + ^ Z , ^ 
2 - r  +  s -  n  
in which the sumqiation extends over all values of "r" and "s" so that 
r + s = n, and n is the total number of loci which are segregating. 
Thus with the assumptions of random mating in an equilibrium population 
with no linkage, the covariances between relatives are simply derived 
from the covariances in the one-locus case. 
The 66 possible relationshps among and within the 11 branches of 
a family may be divided into five broad categories as follows: 
1) Full-sib relationship. In this type of relationship the in­
dividuals are descended from a specific biparental cross. In this exper­
iment there were 11 specific biparental crosses to produce 11 branches 
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of each family. All the members within each specific branch produced 
were of full-sib relationship. For example, if A and A' denote diff­
erent members of the A branch then A and A' were full sibs. The 
branches A, B, C, U, E, F, and G were each derived from two non-inbred 
and uncorrelated parents. On the other hand, the branches H, I, J, and 
K were each descended from a cross between an inbred parent and a non-
inbred parent. Consequently, the full-sib covariances for the former 
cases are different from that for the latter ones involving an inbred 
parent. 
2) Half-sib relationship. In this type of relationship any two 
relatives have only one parent in common. For example, an individual 
of branch u is a half-sib to any individual in branches B and Ji since 
B, u, and tu have a common paternal parent (T^) • Furthermore, as the 
maternal parents of u and f, were closely related (they are full-sibs), 
so the degree of relationship between D and ii is considered to be great­
er than that between u and B or h and B. If the common parent of half-
sib progenies was an inbred individual, H and J or I and K for example, 
the theoretical coefficient of correlation values for the half-sib 
progenies were different from those for the half-sib progenies with­
out an inbred plant as a common parent. 
3) Cousin relationship. In this type of relationship individuals 
of one branch are related to individuals of the other branch by descent 
in diverging lines from a common ancestor. In this study differences in 
the degree of inbreeding and difference in the degree of divergence of 
lines of descent resulted in different coefficient of correlation values 
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for the different sets of cousins. 
4) Uncle-nephew relationship. In this type of relationship the 
relatives are from successive generations of the same family. In this 
study the A branch represented remnant seed from the same cross which 
produced one parent of branches u, ii, F, G, H, and J. Thus, individuals 
from A were uncles of individuals of those other six branches. 
5) No-relationship. This category consists of the correlation be­
tween branches having no known ancestral convergence. The correlation 
values for this relationship are zero. 
The covariation observed between any two relatives may be inter­
preted in statistical-genetic terms as genotypic covariances among rel­
atives; and accordingly, each genie covariance may be given a series of 
coefficients of correlation to indicate its degree of genie relation­
ship. These coefficients of correlation are expressed on the basis of 
the values for 0, 0', 2r^y, and u^^ (Kempthorne 1954, 1957), as shown 
in Table 1. 
As previously indicated, differences in the degree of inbreeding 
of the parents and differences in the degree of divergence of the lines 
of descent resulted in differences in the coefficients of correlation 
among relatives within the broad relationship categories. 
hleven phenotypic variances and 55 phenotypic covariances were com­
puted from the nine families within each of the sets and then combined 
over sets. To obtain the mean squares and mean cross products of a 
single set, the following procedure was used. 
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Table 1. Summary of coefficients of correlation for different co-
variances between relatives 
Relationship Relatives involving 
the covariance 
Coefficients of 
correlation 
I 0' 2r u 
xy xy 
Full-sib HH' , 11 JJ', KK'. 3/4 1/2 5/8 3/8 
AA' , BB' , CC, U D >  ,  iiL ' , 1/2 1/2 1/2 1/4 
FF' , GG' 1 
• • • • 
Half-sib UiL.  1/2 1/4 3/8 1/8 
HI, JK. 3/4 0 3/8 0 
BV, BE. 1/2 1/8 5/16 1/16 
BC, CD, Cii. 1/2 0 1/4 0 
Cousin HJ, IK. 1/2 1/4 3/8 1/8 
FG. 1/4 1/4 1/4 1/16 
HK, IJ. 1/2 0 1/4 0 
UF, UG, liH, U J ,  EF, KG, 1/4 0 1/8 0 
JSH, EJ, GH, GI, GJ, FH, • • • « 
FI, FJ, FK. • 
Bf, BG, GH, BJ. 1/8 0 1/16 0 
Unele-nephew Au, AlS, AF, AG, AH, AJ. 1/2 0 1/4 0 
AB. 1/4 0 1/8 0 
No-relation AC, AI, AK, BI, BK, CF, 0 0 0 0 
CG, CH, CI, CJ, CK, Ul, 
uK, iil. JiK. • . • . 
Since the general model is 
23 
"^ijkm " + ®ijkm 
than ^ represents the mean of the branch of the family of 
the i*"^ set. The sum of squares for Y. , is i.km 
SS = r Z (Y. , - Y. 
, I.km i..m 
k 
where r = 3 replications; k = 9 families; m = 11 branches and with 
k - 1 = 8 degrees of freedom. 
The sum of cross products for Y. , . Y. , , , where m / m', is 
I.km I.km' 
k 
with 8 degrees of freedom. 
The sum of squares and sum of cross products for the five sets com­
bined are as follows: 
1 k 
with 5(9-1) = 40 degrees of freedom and, 
SCP = r Z 2 - Y, m,) 
1 k 
with 40 degrees of freedom. 
Each observed mean square or mean cross product represents an estimate 
of a covariance between relatives. According to the theory of covariance 
analysis, each covariance of relatives may be translated into genetic 
components of variance. For example, the covariance of full-sibs may 
be partitioned into additive genetic variance, dominance variance, add­
itive X additive interaction, additive x dominance interaction, and so 
forth. This may be expressed as; 
Cov(FS) = + k^crl + k3<r^ + 
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where is the coefficient of the genetic components of variance that 
depend on the genetic relationship between full-sibs. Since each co-
variance of relatives may be translated into genetic components of va­
riance, a series of the covariance of relatives values could be used to 
estimate genetic variance components by means of least squares procedures. 
However, one of the assumptions of using least squares procedures is 
that all entries, in this case covariances of relatives, should have 
2 
equal variances. Since the variance of a mean square is 2(E MS) / d.f. 
and the variance of a mean cross product is (E MS.)(E MS.,), it was 
d;f. 
necessary to weigh the mean square (covariance of full-sibs) by a con­
stant l/tfl in order to have the variances of the 11 covariance of full-
sibs approximately equal to those of the covariances of half-sibs, co-
variances of uncle-nephew, and covariances of cousins. These deriva­
tions could be verified as below: 
Let a simple model 
\jk " " ^ Gij + 
represent the mean of the jbranch of the i^^ family, where i = 1, 2, 
..., 9; j = A, Bj C, ..., K. Then 
= (u + g.j + e.,^)(u + g.., + e.j,k) -
= u^ + E(g..g..,) + E(e..^e..,^) - u^ 
i crl + if j=j' 
ë .  
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The above derivation indicates that the 11 mean squares involve an 
2 
environmental variance (cr/r) in addition to the genetic variance 
2 (or )• However, the 55 mean cross products involve genetic covar-
iance only. Therefore to obtain the genetic variances for the 11 
covariances of full-sibs, the 11 mean squares were reduced by an 
2 
amount equal to the environmental variance (o^/r). 
The variances of the mean squares are now illustrated as follows: 
Since 
MS =0"^ + o-^/r 
gj gj e 
and 
n .  2  ^ 2  (T = MS - <r /r , 
2 
the variance of o" is : 
v(r ) = v(MS - ' i r /x)  
Sj. Sj * 
= V(MSg ) + V(3^/r) - 2Cov(MSg )(or/r) 
= V(MS ) + V(^/r) - 0 
= 2(E MS )2/d.fi + 2(E^^)^/r^d.f„ , 
gj 1 e 2 
where 
d.f^ = the degrees of freedom for mean square of the branch 
(in this case, d.f^ = 40), 
d.fg = the degrees of freedom for mean square of the environment 
(in this case, d.fg = 980) and 
r =3 replications. 
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Since the mean square of treatment (MS ) and that of environment 
(a^) are independent and uncorrelated, the covariance of these two 
quantities is zero, i.e. 2Cov(MS )(o^/r) = 0. The amount of 
g- G 
y» 2 2 2 -*2 
2 ( E / r  d . f g  b e c o m e s  n e g l i g i b l e  w h e n  C T ^  i s  s m a l l  b e c a u s e  t h e  n u m b e r  
2 
of degrees of freedom for 3-^ is very large. Consequently, the above 
formula may be simplified as 
V(3-^ ) = 2(E MS )Vd.f, 
On the other hand, the variance of the mean cross product (MP) is 
V( a- ) = V(MP) 
GjGj'. 1 . 
2 
The quantity, ( CT" ) , is equal to: 
GjGj'. 
- r )Vd.fi » 0 . 
gj gj, 
where p denotes the coefficient of correlation between the two branch­
es j and j'. If p were small or zero, then j and j' were assumed to be 
uncorrelated. Hence the variance of the mean cross product is approx­
imately 
^ (E MS )(E MS ) 
d.f. 
without the constant 2. Therefore, for the mean squares and the mean 
cross products to have approximately equal variances, the mean squares 
should be weighted by a correction factor l/Jl and an estimated error, 
^2/ 
a~ /r. 
e 
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These 55 covariances with the 11 adjusted variances were used in 
the estimation of genetic parameters by the least squares procedure. 
If one expresses the normal equations in the following manner,XP = Y, 
the parameters, p's, are genetic components of variance for the co-
2 2 2 2 2 2 
variances of relatives, namely tr^, (r^, 
known variables, x's, the elements of x, are the coefficients of cor­
relation for the genetic components of variance that are listed in 
Table 1. When the two known variables (x's and Y's) are available the 
unknown parameters (]B's) may then be estimated by solving the equation 
to obtain the unique solution for each parameter. The six parameter 
model is displayed in matrix form as follows: 
5/8 3/8 25/64 15/64 9/64 125/512) 1 
l2 
1/2 1/4 1/4 1/8 1/16 1/8 
3/8 1/8 9/64 3/64 1/64 27/512 
3/8 0 9/64 0 0 27/512 
5/16 1/16 25/256 5/256 1/256 125/4069 
1/4 1/16 1/16 1/64 1/256 1/64 
1/8 0 1/64 0 0 1/512 
1/16 0 1/256 0 0 1/4096 
4 
2 
2 
%. 
2 
L4aa 
1 
J2 
'mS -^/r ' 1. e 
MP, 
MP 
55 
J 
In order to examine the significance of the different components of 
genotypic variance, seven linear regression models were fitted to the 
observed mean squares (adjusted) and mean cross products. The seven 
models were as follow: 
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Model Parameters in the model 
1 A 
2 A, D 
3 A, D, AA 
4 A, D, AA, AD 
5 A, D, AA, AD, DD 
6 A, D, AA, AD, DD, AAA 
7 A, D, AA, AAA 
2 2 2 2 2 in which A, D, AA, AD, DD, and AAA denote cr^, and 
2 
respectively. For tests of significance, the normality, in­
dependence, and homoscedasticity of the error of each observed mean 
square and product were assumed. These assumptions appeared to be 
reasonable because each was based upon 40 degrees of freedom. 
There are two ways in which the action of the breeder can change 
the genetic properties of the population. The first is by the choice 
of the individuals to be used as parents, which constitutes selection; 
and the second is by control of the way in which these individuals 
are mated, which embraces inbreeding and cross breeding. 
The basic effect of selection is to change the array of gene 
frequencies and, consequently, the genotype frequencies. The change 
produced by selection that chiefly interests us is the change of the 
population means. This is the response to selection and is symbolized 
by R. It is the difference in mean phenotypic value between the off­
spring of the selected parents and the whole of the parental generation 
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before selection. If the mean of the selected individuals differed 
from the population mean by D, which is called the selection diff­
erential in measuring units, the expected genetic response from selec­
tion would be 
Cov(PG) 
^ " V(P) ^ ^ 2 ° ' 
CTp 
where 
Cov(PG) = the covariance between the genotype (G) of the pre-
ceeding generation and the phenotype (P) of the pop­
ulation selected, 
V(P) = the phenotypic variance of the population under study. 
2 
The ratio of is defined as heritability in the narrow sense 
by Lush (1945). The magnitude of the selection differential (D) 
depends on two factors: 1) the selection differential in standard 
units (k) and 2) the phenotypic standard deviation of the character 
((7^) . The theoretical values of k for the upper p% of the popula­
tion (selection intensity) can be calculated based on the assump­
tion of normality of the population under study. Values for it are 
given, for example, by Lush (1945). If kCT is substituted for D, 
the equation of response (R) then becomes : 
. k , 
(J^ G <^ G • 
2 "W 
Op 
where (7^^ is a function of the additive genetic variance and add­
itive epistasis that contribute to the selection. 
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In this study four selection methods, mass selection and three 
types of family selection, in a segregating population were inves­
tigated for the response to selection. Based on the size of the selec­
tion unit involved, the general response formula can be extended for 
each selection method to predict the gain from selection. 
If one plant were selected from 12 (average plant number in each 
plot) in each plot, then about 8.33% of the best plants would be 
selected from the segregating population. The response formulae for 
the four selection methods are indicated below. These are based on 
the idea that the great bulk of permanent genetic advance results from 
additive effects only. 
Mass selection This is the simplist and least expensive 
method of selection. In this study the upper 8.33% of the popula­
tion would be chosen to form the succeeding population. Since only 
the female plants would be selected, the additive genetic variance 
should be divided by 2. The phenotypic -v-ariance is the sum of the 
total genetic variance and the environmental variance. The environ­
mental variance, however, was not estimable so that it was to sub-
A 2 
stitute the within plot variance, for the environmental variance. 
^ 2 ^ 2 
The expectation of cr^ is equal to the environmental variance, and 
genetic variance between plants within the plot tested, i.e., 
(Tg - Cov(FS), or 
a-^ = O'g + ^  ~ Cov(FS) 
= O-p - Cov(FS) . 
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So 
3-p = 0-^ + Cov(FS) 
= 5^ + (1/2)^ + (1/4)5^ . 
Therefore, the response formula for mass selection is 
(%)9^  • k 
However, the segregating population in this case was only 12 plants 
and can not be considered as a sufficiently large random-mating pop­
ulation. The above formula, therefore, should be weighted by a 
correction factor, ^(n-l)/n, for reducing to a minimum the devia­
tion caused by a small sample. The selection differential expressed 
in standard units for selection of the top 8.33% from a finite pop­
ulation of the units tested is k = 1.63 by Fisher and Yates (1963). 
The adjusted formula for mass selection in this study will be 
/(n-l)/n • \ • 1.63 
The genetic components of variance ( 0"^, used in the above 
formula were obtained by fitting the second regression model in the 
least squares analysis and are listed in Table 6. The estimate of 
3" was obtained from one of the sets in the 1963 experiment in which 
individual plant (Y.) data were recorded. The model used for ijkmn 
this estimate was as follows: 
^ijkmn ^ ^i ®km ^  ^jkm ^  ^jkmn' 
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where 
^jkmn ~ observation of the branch of the family 
of the replication, 
u = overall mean of the population, 
r^ = the effect of jreplication, j = 1, 2, 3, 
f^ = the effect of the family, k = 1, 2,.., 9, 
= the effect of the m^^ branch of the k^^ family, m = 1, 
2, ..., 11, 
^jkm ~ inter-plot error associated with the jkm*"^ plot, 
w., = the intra-plot error associated with the observation Y., jkmn " jkmn. 
The Pjj^'s and the 's were assumed to be normally and indepen­
dently distributed with zero means and variances (T? and • 
r w 
Family selection Three types of family selection were con­
sidered. For the family selection methods, the number of families 
available for selection was sufficiently large that the finite sample 
adjustment factor was not used. The selection differential in stand­
ard units for these selection methods for selecting the top 8.33% of 
the units tested is k = 1.84. The genetic components of variance ( 
/I 2. 
(jjj) used in each family selection were the same as in the mass selec­
tion: 
1) Full-sib family selection. For this selection method, the 
selection is based on the full-sib family performance in the field. 
The selected full-sib families are recombined by using remnant seeds 
to give a new population for selection. Therefore, the additive 
genetic variance, in this case, is % (7^, and the phenotypic variance 
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between the full-sib family is 
^ ^ . 
where 
2 
^ = the experimental error, 
r = the number of replications. 
The formula for expected response is 
% I . 1.84 
R = 
f + ^ I' 
2) Half-sib family selection. Selection is based on the half-
sib family performance in the evaluation trials. The remnant seeds 
of selected half-sib families are recombined to form the next pop­
ulation for selection. Therefore, the additive genetic variance, in 
2 
this case, is % ^ , and the phenotypic variance between the half-s 
families is 
where 
2 2 2 
% A + f + e/r ' 
f = the number of female parents crossed to a male parent, 
2 ^
 = the variance between females within the male, i.e. 
^ = Cov(FS) - Cov(HS) 
2 2 
= % ^ 4- % ^ (Comstock and Robinson, 1948). 
Hence the phenotypic variance, in this case, is 
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and the formula for expected response is 
k I  • 1.84 
3) Modified half-sib family selection. This is a recurrent 
selection scheme which has been used by many breeders. The selec­
tion is based on the half-sib family performance. However, instead 
of recombining the remnant seeds of selected half-sib families, self-
pollination progeny of the male parents of the selected half-sib 
families are recombined to produce a new cycle for selection. Since 
both the male and female parents are selected, the expected response 
is twice as much as the half-sib family selection. Accordingly, the 
formula for expected response is 
2'(%) I . 1.84 
R = 
i  i + (  1  +  +  ^ / r  
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EXPERIMENTAL RESULTS 
The grand means, experimental errors, and the coefficients of 
variation for the seven quantitative characters studied are present­
ed in Table 2. Means and estimates of intra-plot and inter-plot 
variance obtained from the individual plant data for one set in 1963 
are presented in Table 3. 
The least squares procedures were used to analyze the 66 ob­
served variances and covariances among relatives to obtain the esti­
mates of genetic components of variance. The estimates of the gene­
tic parameters were based on the mean squares weighted by a constant 
of and adjusted for o-^/r, and on the mean cross products among the 
11 branches for all characters studied. These 66 mean squares and 
mean cross products were computed for each set and then pooled over 
sets. Separate analyses of variance for the 1962 and the 1963 data 
were obtained. Linear regression analyses were computed for seven 
models differing in their genetic components of variance parameters. 
The analysis of variance for the fourth model which contained the 
parameters A, D, AA, and AD is presented in Table 4. The results 
showed that the mean square due to additive genetic variance account­
ed for most of the variation among the variance components for all 
characters in the two experiments. Significant dominance variance 
was detected in plant height and ear diameter in 1962 and in plant 
height, ear height, ear diameter, and yield in 1963. The only 
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significant mean squares due to the epistatic variance were those 
for AD for ear height in 1962 and AA for ear height in 1963. How-
2 2 
ever, the estimates of in 1962 and 0"^ in 1963 for ear height 
were negative; so the significant mean squares due to epistasis were 
considered to be unimportant biologically. 
Separate estimates of additive genetic and dominance variance 
in 1962 and in 1963 were obtained with the model which contained 
2 2 
only the two genetic parameters, CT^ and <5^, and are presented in 
Table 5. Since the testing of the results indicated no significant 
difference between the two experiments, the data from the two years 
were pooled to give combined estimates of the genetic components of 
variance for all characters studied and are presented in Table 6. 
Separate results are shown in Tables 5 and 6 for the estimates ob­
tained from all 11 branches and for the seven branches derived from 
non-inbred parents i.e.. A, B, C, D, E, F, and G. The estimates 
from the two sets of relatives showed very good agreement with each 
other. The standard deviations of the two estimates also were 
similar or only slightly larger in the case in which only seven 
of the 11 branches were involved. Significant additive genetic 
variance was detected for all characters. However, significant 
dominance variance was found only for plant height, ear diameter, 
and yield. 
Estimates of genetic covariances and the genetic correlations 
of yield with the other six characters are shown in Table 7. Al­
though three additive genetic covariances were significant their 
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genetic correlations were rather low. Ear length showed a higher 
correlation with yield than did ear diameter, kernel weight, or 
kernel row number. 
2 2 Since the estimates of 0" and c were obtained from plots con-
w e ^ 
taining approximately 12 bordered plants, a similar-size plot was 
used in predicting progress from selection. The expected selection 
responses for yield are summarized in Table 8. Mass selection was 
based on the selection of one plant from a plot of 12 plants. The 
seeds from the selected plants would be bulked to give a new pop­
ulation for selection in the following year. The unit gain in yield 
is expressed in grams per plant. 
The estimates of selection progress were obtained also for three 
family selection systems. For full-sib family selection, a number 
of desired full-sib families would be selected based on the field 
test performance and their remnant seeds would be bulked to give 
a new population for selection. The procedures of half-sib family 
and modified half-sib family selection would be similar as the lines 
would be selected based on progeny testing. The difference would 
be that in half-sib family selection the remnant seeds of the selec­
ted half-sib family would be recombined to give a new cycle; but 
in the modified half-sib family selection the self-fertilized seed 
of the selected males would be recombined to produce a reconstituted 
population for a new cycle. 
Full-sib family selection, half-sib family selection, and 
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modified half-sib family selection are conventional recurrent 
selection systems with three years per cycle. Therefore, in com­
paring the selection progress on a yearly basis the recurrent se­
lection progress should be divided by three to convert the gain per 
cycle into the gain per year. 
Among the four selection methods studied, the modified half-
sib family method is expected to make the greatest progress with 
four replications and six female testers. However, varying the 
number of female testers would change the progress slightly for 
this selection method. 
Table 2. Means, errors and coefficients of variation for seven quantitative characters 
studied in 1962 and 1963 
Quantitative 
character 
Mean (X) Error (^r) C. V. 7o 
1962 1963 1962 1963 1962 1963 
Plant height (cm) 237 234 45 54 2.8 3.1 
Ear height (cm) 119 115 42 39 5.4 5.4 
Kernel row number 19 18 ,44 .52 3.5 3.9 
Ear Length (cm) 21 21 1.02 .94 4.7 4.6 
Ear diameter (cm) 5.1 5.1 .029 .020 3.3 2.7 
Kernel weight (g) 28 30 3.24 3.87 6.5 6.5 
Yield (g/plant) 231 240 406 446 8.7 8.8 
Table 3. Means, experimental error ( (3^), interplot errors ( 5^), intra-plot errors 
(C7^), and coefficients of variation obtained from individual plant measurements 
w 
for One set in 1963 
Quantitative 
character 
Mean 
2 ^ 2 
^e 
C.V.% 
Plant height (cm) 228 17 318 49 3.1 
Ear height (cm) 112 14 195 33 5.2 
Kernel row number 18 .057 4.39 .395 3.4 
Ear length (cm) 20 .046 6.17 .524 3.5 
Ear diameter (cm) 5.1 .012 .125 .022 2.9 
Kernel weight (g) 39 1.56 27 3.63 6.3 
Yield (g/plant) 236 56 3677 339 7.8 
Table 4. Analysis of variance of genetic components of variance for seven quantitative 
characters in 1962 and 1963 based on the model which contained the Additive (A), 
Dominance (D), Additive x Additive (AA), and Additive x Dominance (AD) parameters. 
Source of 
variation d.f Plant ht. Ear ht. Kernel ; Ear Ear Kernel Yield 
( X 104) ( X 104) row number diameter length wt. ( X 104) 
A 1962 1 13611** 10057** 39738** 11.32** 32787** 57294** 49841** 
1963 1 10253** 10003** 32207** 10.39** 30695** 68468** 79300** 
D 1962 1 1296** 100 438 .43* 148 113 1906 
1963 1 2029** 390* 257 1.16* 341 2 5640** 
AA 1962 1 5 149 1 .17 131 1023 1046 
1963 1 3 301(*)* 31 .15 21 169 578 
AD 1962 1 82 222(*) 180 .03 31 175 846 
1963 1 13 17 115 . 06 2 7 234 
Deviation 
1962 1 139 52 158 .07 131 127 624 
1963 1 94 57 132 .06 113 250 784 
Significant at 1% probability level. 
Significant at 57» probability level. 
^Significant at 5% probability level but the estimate of variance of AA or AD were negative 
when the model included AA and AD. 
Table 5. Estimates of additive and dominance components of variance obtained in 1962 and in 
1963 for seven characters from two sources of relatives 
Quantitative 
character Year 
From 11 branches 
-1 D 
From 7 branches within 
non-inbred parents 
D 
Plant height (cm) 
Ear height (cm) 
Kernel row number 
Ear length (cm) 
Ear diameter (cm) 
Kernel weight (g) 
Yield (g) 
1962 
1963 
1962 
1963 
1962 
1963 
1962 
1963 
1962 
1963 
1962 
1963 
1962 
1963 
96 + 
58 + 
120 + 
99 + 
26 
21 
17 
17 
2 + .3 
2 + .3 
22 + .3 
2  +  . 2  
,03 + 
.03 + 
11 + 
11 + 
. 01  
. 01  
.9 
1 
202 + 66 
224 + 56 
56 + 42 
108 + 42 
1 + .7 
.9 + .6 
.7 + .6 
1 . 0  +  . 6  
,04 + 
.06 + 
2 + 
3 + 
. 01  
.01 
2 
2 
229 + 54 
247 + 61 
246 + 135 
411 + 152 
116 + 32 
66 + 35 
144 + 19 
141 + 23 
3 + .4 
3 + .4 
2 + .3 
2  +  . 2  
.04 + .01 
.05 + .01 
12 + .9 
11 + 1 
228 + 71 
304 + 101 
192 + 86 
276 + 94 
228 + 52 
71 + 62 
.9 + 1.0 
.5 + 1.0 
1 + 
1 + 
,04 + 
. 0 2  +  
.9 
. 6 
. 0 2  
. 0 2  
2 + 2 
1 + 4 
451 + 191 
471 + 273 
1 
Table 6. Combined estimates of genetic components of variance for seven quantitative 
characters from two sources of relatives 
.-T , , 7 branches with non-
. . .  A l l  b r a n c h e s  .  ,  ,  .  Quantitative — inbred parents 2 
character C\ &V, ^2 ^2 
 ^ I fD 
Plant height 80 + 20 225 +56 91 + 24 234+64 50+1.6 
Ear height 110 ±17 82 + 42 143 +15 47 + 40 40+1.3 
Kernel row number 2.25 + .26 1.03 + .67 2.84 + .27 .70+1.04 .48 + .015 
Ear length 2.16 + .24 .85 + .61 2.24 + .20 1.10 + .54 .98 + .031 
Ear diameter .030 + .006 .048 + .014 .045 + .005 .030 + .013 ,024 + .001 
Kernel weight 11.12 + .98 1.08 + 2.43 11.58 + .84 1.78 + 2.27 3.56 + .11 
Yield 239 + 58 329 + 144 266 + 62 461 + 167 426 + 94 
t_o 
Table 7. Combined estimates of genetic covariances and genetic correlations of yield 
with other quantitative characters 
Yield Genetic^covariance Genetic correlation 
With ^.A. ^A.A. 
1 J 1 J 
Plant height 56 + 18 .40 
Ear height 41 +14 .25 
Kernel row No. 1.89 + .72 .04 
Ear length 9.97 + 1.82 .43 
Ear diameter .38 + .32 .14 
Kernel weight 2.88+3.51 .06 
Table 8. Expected progress from selection for yield when the top 8.33 per cent of the 
population is selected for the next cycle 
Methods of per cent of per cent of 
selection grams/plant mean yield/cycle mean yield/year 
Mass selection 2.96 1.25 1.25 
12 plants per plot 
Full-sib family selection 11.45 4.84 1.61 
4 replications, 1 female per male 
Half-sib family selection 8.45 3.59 1.20 
4 replications, 6 females per male 
Modified half-sib family selection 16.95 7.17 2.39 
4 replications, 6 females per male 
Various investigators have obtained estimates of the genetic 
components of variance in different open-pollinated varieties of corn 
(Robinson et aj^., 1949, 1955; Gardner et aj^., 1953; Williams, 1960; 
Eberhart, 1961; Lindsey et al., 1962). In general, these workers have 
agreed that there is relatively more additive genetic variance than 
dominance variance for most characters. This conclusion is based on 
the assumption that there is no epistasis; in other words, the effect 
of variation in genotype at any single locus is not modified by genes 
at other loci. This assumption may not be realistic. Comstock and 
Robinson (1948) have pointed out that epistasis probably causes upward 
bias in the estimates of degree of dominance, although the amount of 
bias might not be large. Others indicated that epistasis has caused 
a substantial effect upon the genetic variability in an inbred popula­
tion (Gamble, 1962; Sprague, 1962). Consequently, the information thus 
far obtained by these workers is not completely acceptable, and it 
would be undesirable to apply it to the breeding program. The necessity 
of having more complete information in regard to the genetic variability 
of a population has greatly increased, and many progressive statistical 
models have been developed to meet the need. In 1957 Kempthorne 
suggested observations which could be used to estimate epistacy as 
well as the additive and dominance variances. The present experiment 
is based on his schemes extended a step further to a much broader basis 
of genetic relationships. It includes 66 phenotypic covariances among 
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relatives derived from both non-inbred parents and inbred parents from 
an open-pollinated variety of corn. The results presented were obtain­
ed by translating the 66 phenotypic covariances among the 11 relatives 
into the genetic components of variance, additive genetic variance, dom­
inance variance, and epistatic variances, by the least squares pro­
cedure. 
The analyses of variance obtained by fitting a model with the 
parameters of additive (A), dominance (u), additive x additive (AA) 
and additive x dominance (AJJ) components of variance were summarized 
in Table 4. The mean squares due to A were predominant over the dom­
inance variance and epistatic variances in both years. The mean squares 
due to u were found to be significant at the 1% probability level for 
plant height in both years and for yield in 1963; and significant at 
the 5% level for ear diameter in both years, and for ear height in 1963. 
In the case of ear height the mean square for AA in 1963 and Au in 1962 
were significant at the 5% probability level. However, these results 
2 2 
were unrealistic because the estimated B's ( .. in 1963 and in 
AA Ai) 
1962) of the sources of variation were negative. The true genetic 
variances must, of course, be non-negative and the negative estimates 
of the genetic components of variance may be regarded as zero or some 
very small positive value. 
The estimated variance due to additive gene action constituted 
a major part of the total genetic variance for the characters ear 
height, ear length, kernel row number, and 100 kernel weight. However, 
for plant height, ear diameter, and yield the estimates of dominance 
4R 
variance were greater than those of additive genetic variance (Table 
6). This situation was not surprising since the occurrence of heterosis 
in the expression of plant height, ear diameter, and yield in hybrids 
indicates some degree of dominance (Robinson e^ al^., 1949). 
All results indicate that the epistatic variances were negligible 
in comparison with the additive and dominance variances. This conclu­
sion is in general agreement with Eberhart's (1961) report which dealt 
with covariances between full-sibs and half-sibs with two extreme levels 
of inbreeding (F = 0, F = 1) to detect epistasis in two open-pollinated 
varieties of maize. However, the relative proportions of the additive 
and dominance variance components varied with the quantitative character 
studied. 
Greater reliability and smaller variances of the estimates of 
genetic components of variance and genotype-by-environmental variances 
might be expected by repeating a large experiment over several environ­
ments. Due to the shortage of experimental material, the experiment 
was conducted at only one location with 1485 plots in 1962 and repeated 
in 1963. The estimates of genetic components of variance in this study 
were considered to be biased upward by the inability to eliminate the 
corresponding genotype-by-environment interaction from all the estimates. 
The least squares procedure was employed in this study to obtain 
the estimates of genetic components of variance. Theoretically, the 
least squares procedure would provide the best linear unbiased estimate 
of the parameters if the variances of the observations were equal and 
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independent. In this study, the observations were a series of mean 
squares (covariances of full-sibs) and mean cross products"(covariances 
of half-sibs, of cousins, of uncle-nephew) in which the variances of 
mean squares were different from those of mean cross products. In 
order to apply the least squares procedure, it was necessary to weight 
the mean squares and mean cross products unequally so that the approx­
imately best unbiased estimate of the parameters might be obtained. 
The second assumption of independent variances of those observa­
tions was justified for the 11 mean squares. It was not justified for 
the 55 mean cross products because many mean cross products, for 
example, MP(AB), ^ (AC), MP(Au), , PM(AK) involved the same branch 
of a family. This can be verified as below; 
(1) The covariance between MP(AB) and Mi'(IK), where A B 
I K, and AB IK, 
CXAB.m = " 
since the quantities and are zero, the covariance 
is zero. Thus 
Uov(AB,IK) =0 
(2) The covariance between MP(AB) and MP(AC), where A ^  B ^ C, 
and AB ^  AC, 
.ov(AB.AC) = 
2 
Here ^ (or is considerably larger than any other covariances 
involved, but is zero, so the product of ^ AC ~ However, 
the product of may be small but is not negligible. Based on 
so 
the theory of linear hypothesis, the least squares estimates of the 
model are unbiased, since the expected values of the estimates are 
equal to the parameters they estimate. However, these estimates do 
not have a minimum variance, because there is covariance among the 
observations, which are sample covariances. It is reasonable however, 
to assume that the effects of the small covariances will be negligible. 
One main problem of the covariance model is that the coefficients 
of the second and the third order genetic components of variance 
( are highly correlated with those of the first 
2 2 
order genetic variances ( . The coefficients of the second 
order and the third order genetic components of variance in the theoret­
ical values for covariance among relatives are generated by squaring or 
multiplying of the coefficients of the first order genetic components 
of variance. Consequently, this hereditary property of the covariance 
model lowers the sensitivity of the power for detecting epistacy. The 
evidence can be seen in the "correlation" matrix for the six parameters 
involved in this estimation as follows: 
ando^A^) from the linear 
Parameter A 
A 1.0000 D 
D 7533 1.0000 AA 
AA 9162 .9298 1.0000 AD 
AD 7133 .9848 .9195 1.0000 DD 
DD 6692 .9537 8931 .9931 1.0000 AAA 
AAA .8076 .9581 .9722 .9762 .9701 1.0000 
SI 
where A denotes the coefficient of the additive genetic variance; D, 
of the dominance variance; AA, of the additive x additive variance; 
AD, of the additive x dominance variance; DD, of the dominance x 
dominance variance and AAA, of the additive x additive x additive 
variance. The high correlations of the coefficients apparently will 
give larger values of the (inverse matrix), and hence greater 
standard deviations. This is generally true for all covariance models, 
! 
when the higher order components are considered. 
Other genetic assumptions necessary for this covariance model 
were: (1) diploid inheritance, (2) no linkage, (3) no maternal 
effect, and (4) environmental effects additive to the genotypic values. 
i The first three assumptions should have caused no significant effect 
in this investigation since the material used in this experiment was 
a long-term open-pollinated variety random-mating without selection. 
The fourth condition was recognized in the model proposed (P = G + E). 
The 11 branches used in this experiment were derived from matings 
of two sources of parents, namely: (1) mating of two random non-inbred 
parents, denoted as r x r; and (2) mating between a non-inbred parent 
and an inbred parent, denoted as r x i. The experimental errors for 
2 
the two sources of progenies can be denoted as fl" , . for those 
° e(r X r; 
2 progenies derived from two random non-inbred parents and" ^ 
for those progenies derived from a random parent and an inbred parent. 
2 
Theoretically these two errors were not homogeneous and ^ would 
2 be slightly larger than c . .. because these two errors were derived 
s? 
from two populations with different degrees of inbreeding. This can be 
verified by partitioning the experimental error into components due to 
^  2 y  A 2 
intra-plot error (<T ) and inter-plot error ( O" ) as follows: 
w p 
A2 -2/ ^ A2 
o" = a /n + a 
e w p 
where n is the average number of individuals in the plots tested. In 
this experiment the intra-plot error consisted of both genetic and 
2 
environmental variations. If - Cov(FS) denoted the genetic variance 
2 
among individuals within crosses (Cockerham, 1956) and the true 
intra-plot error in the plot tested, then the experimental error for 
2 
cr . V can be expressed as „ 
—— 
where: 
2 j'g = the total genetic variance, 
Cov(FS)^^ X r) ~ covariance between full-sibs for those progenies 
derived from the mating of two random parents with 
zero inbreeding. This quantity is % ^ cr^ 
in this experiment, 
2 0"p = inter-plot error, 
n = average number of plants in the plots tested, 
which was 10 for the characters of plant height 
and ear height and 12 for the rest of the 
characters in this study. 
2 Likewise, the experimental error for 0" , can be written as 
e(r X i) 
COV(FS)^^ .2 
^e(r X i) ^ ^ 
4 - (5/8) °-l • (3/8) H 
n + CTp 
where : 
Cov(FS)^^ X i) ~ covariance between full-sibs for those progenies 
derived from the mating between a random parent and an inbred parent. 
2 2 
which is (5/8) + (3/8) O"^ approximately in this experiment. 
Hence 
2 2 
^ e ( r  X  r )  ^ ® 'e( r  x i )  
The results could be tested for significant differences by Snedecor's 
F-test. 
To verify the validity of the above theoretical derivation, the 
experimental errors of the 1962 data for all characters were partitioned 
into components of .and , --v, and tested for differences. 
^ e(r X r) e(r x i)' 
The results indicated no significant difference between them for any 
character. This conclusion coincided with the earlier assumption of 
homogeneous or nearly homogeneous variances of the two sources of 
relatives studied. The earlier assumption was based on the phenomenon 
of heterosis of the quantitative characters expressed in the hybrids 
in which the masking effect of the quantitative genes between crosses 
Table 10. Estimates of additive genetic variance, dominant variance, coefficient of variation, 
environmental error, inter-plot error and intra-plot error (Williams, 1960) 
Character Sample Year 1 2 
°'A 
A 2 
^D C. V.% 
» 2 
^e 
a2 
Yield(gm.) I 1958 693.2 + 240.0 205.6 + 401.0 11 .37 112. 5 2815, .7 : 3326. ,2 
I 1959 203.2 + 142.0 187.5 + 273.0 13 .80 483. 7 1708. .6 2340. ,2 
II 1959 -143.8 + 192.0 1430.4 + 456.0 12 .53 354. 2 1981, .3 2622. ,2 
COMBINED 250.8 + 112.0 607.8 + 221.9 
Ear length(cm.) I 1958 2.18 + .71 1.09 + 1.14 5 .38 6. 5 543, ,3 686, ,4 
I 1959 1.63 + .73 1.58 + 1.32 7 .72 111. 1 530, .2 762. ,8 
II 1959 .49 + .69 3.97 + 1.45 7 .01 68. 1 580, ,0 772. 2 
COMBINED 1.43 + .41 2.21 + .75 
Ear diameter(cm.) I 1958 .066 + .017 .006 + .026 3 .05 34 10, .12 13. ,92 
I 1959 .058 + .015 .008 + .022 3 .53 1. 22 9, .33 13. 72 
II 1959 .062 + .016 .002 + .024 3 .31 
• 
80 9 .78 13, .72 
COMBINED .062 + .009 .004 + .014 
Kernel row I 1958 3.29 + .83 -.012 + 1.18 5 .26 - • 06 4, ,66 6. 24 
number I 1959 2.84 + .76 .160 + 1.12 5 .92 • 22 4, .37 6. 05 
II 1959 3.88  + .89 -.840 + 1.21 5 .49 04 4, .83 6, .53 
COMBINED 3.34 + .48 -.692 + .67 
Table 10. Continued 
Character Sample Year 
• 
A 2 
a-: c .v .%,  ^ 2 
^e 
.2 ^ 2 
Weight per 100 I 1958 13.16 + 3.63 -.600 + 5.47 9,15 1.58 29 .88 37.89 
kernel(gm.) I 1959 7.84 + 2.49 2.52 + 3.99 7.78 1.58 17 .17 23.30 
-
II 1959 6.34 + 1.68 6.66 + 3.20 17.99 2.98  17 .86 25.68 
COMBINED 9.11 + 1.57 2.86 + 2.50 
I 
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of two lines could possibly cover up the differences of variances of 
those progenies derived from matings between random parents and inbred 
parents. 
Williams (1960) used the covariances between the full-sibs and half-
sibs model and assumptions to estimate the genetic variance components 
on the same material. The genetic variances in his model were estimated 
by partitioning the variance components of 96 half-sib families and 
192 full-sib families. Assuming no epistasis, the results he obtained 
varied between the years and the samples in his experiments and are 
briefly summarized in Table 10. His results indicated that with the 
exception of the estimates for yield and ear length in Sample II, the 
additive genetic variance was predominant in the population for all 
characters studied. There was very little dominance variance for ear 
diameter and number of kernel rows. Evidently for yield and ear 
length in Sample II the additive genetic variances were under-estimat­
ed. Hence the average of the three experiments would be more real­
istic. The present study showed consistency in all estimates obtain­
ed from both 1962 and 1963 experiments. The smaller coefficients of 
variation of all characters obtained in the present study provide 
evidence that the precision of the estimates would be promoted by 
increasing the sample number in the plots tested. 
The estimated covariances between additive genetic effects 
( ) as well as the genetic correlations (r. . ) of yield with 
i j - i j 
plant height, kernel row number, ear length, ear diameter and 100 
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kernel weight in Table 7 indicated a fairly low genetic correlation 
between yield and other characters except between yield and ear length 
which showed some indication of correlation. This would give no evidence 
to support Williams* suggestion that selection for a quantitative char­
acter such as ear diameter could possibly lead to appreciable increases 
in yield in this variety. 
Plant breeders are particularly interested in the possible response 
or gain from selection. Four selection methods were studied in the 
present investigation. These were mass selection, full-sib family 
selection, half-sib family selection, and modified half-sib family 
selection. The modified half-sib family selection method using progeny 
testing (recurrent selection) would give the highest increase in yield. 
In the half-sib family selection method, each half-sib family is derived 
from the mating of a male and six females and, based on a progeny test 
of these half-sib families, elite half-sib families are selected and 
recombined to give a new cycle for selection. If the best 8.33 per cent 
of the population were thus selected, a gain of 2.39 per cent of the 
mean yield per year would be expected. The modified half-sib selection 
method is similar to the half-sib family method. The selection proced­
ures of these two methods are about the same except that in the modified 
half-sib family selection scheme the male plants are self-pollinated to 
give inbred lines after which the inbred progeny of the male parents 
of the selected families are intercrossed to produce a reconstituted 
population for a new cycle. The results indicate that the modified 
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half-sib family selection scheme gave almost twice as much advance as 
the half-sib family method. The former scheme required some addition­
al field work. 
The predicted gain per year of mass selection was 1.25%. This 
is relatively small compared with the gain by the modified half-sib 
family selection scheme. The low predicted progress in this study 
for the mass selection method could be due to the small sample 
numbers (12 plants per selection unit) or to the relatively large 
2 
amount of intra-plot error ( ^  = 3677). With 50 plants per plot, 
2 the predicted progress was 1.41% if remained the same. The re-
w 
sponse in yield per year of full-sib family selection was estimated 
to be 1.64% of the mean yield when the top 8.33% of the population 
derived from the full-sibs were intercrossed to reconstitute the 
new population. Changing of the replicate numbers as well as the 
selection intensity would vary the estimates slightly. 
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SUMMARY 
Forty-five families each containing 11 branches denoted by letter 
symbols A, B, C, D, E, F, G, H, I, J and K provided the sources for 
estimating the genetic variability in an open-pollinated variety of 
maize, Reid Yellow Dent. These 11 branches of each family were the 
products of two successive generations of controlled matings in the 
variety. Seven of the branches (A, B, C, D, E, F, G) were formed by 
matings among non-inbred parents, the remaining four branches (H, I, 
J, K), by mating a non-inbred parent to an inbred parent. The pro­
genies arising from these controlled crosses were grown in field ex­
periments at Ames, Iowa in 1962 and 1963. Data were obtained on plant 
height, ear height, kernel row number, ear length, ear diameter, kernel 
weight, and yield. A procedure based on the covariance among relatives 
was used to estimate the genetic components of variance for each 
character in the original variety. 
Sixty-six phenotypic covariances were estimated from the pooled 
data from the 45 families by calculating the mean squares (Cov(XY), 
where X = Y) and mean cross products (Cov(XY), where X ^  Y) from the 
observed data. These 66 covariances among and within the 11 branches 
were grouped into five relationship categories, i.e. covariance of 
full-sibs, covariance of half-sibs, covariance of cousins, covariance 
of unele-nephews, and no genetic covariances. For each calculated 
covariance (either mean square or mean cross product) a genetic ex­
pectation was derived in terms of known coefficients of correlation 
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and unknown genetic parameters. 
The least squares procedure was employed to estimate the unknown 
genetic parameters (0*^, cr^, CT^, (T^) of the population. 
The genetic expectations of the phenotype covariances served as the 
linear equations in the formula (Xp = Y) of the least squares estimation. 
2 2 2 
The results indicated that epistatic variances ( cr^, ^DD' 
1^^) were negligible in relation to other variance components "for the 
seven quantitative characters studied. The major portion of total 
genetic variance was due to additive genetic variance ( (7^) and dom­
inance variance (O^). However, the relative proportions between these 
two genetic variances ( ^  ^2) varied according to the character 
A' D. 
studied. The data indicated that the additive genetic variance con­
stituted the overwhelming part of the total genetic variance for ear 
height, ear length, kernel row number and kernel weight. The dominance 
variance exceeded the additive genetic variance for plant height, ear 
diameter and yield. All estimates were considered to be somewhat biased 
because of: (1) the unavoidable genotype-environmental interaction 
and, (2) the improper use of the least squares procedure in the es­
timation. The experiment was conducted at only one location in 1962 
and repeated in 1963. Some observations in the estimations were not 
independent of each other, so the estimates were considered to be 
linear unbiased but were not the best estimates. In addition, the 
high correlation among the coefficients of the genetic parameters in 
the genetic expectations, which resulted in increased standard deviations 
in the least squares estimation, inevitably lowered the sensitivity 
for detection of epistasis. These deficiencies of this model are 
present generally in other covariance models where the model is ex­
tended to estimate epistasis or higher order of genetic components 
of variance. 
The estimates of genetic parameter ( o^) obtained were used 
in discussing the maximum efficiency of breeding methods for the popula­
tion studied. The predicted gain per year for mass selection with one 
plant in each 12-plant plot as the unit of selection was 1.25%. This 
is relatively small when compared with 2.39% which was the predicted 
gain per year for the modified half-sib family selection (recurrent 
selection) based on the progeny testing scheme. An increase in the 
number of plants in the selection units resulted in slightly greater 
predicted gain per year for mass selection. 
The genetic correlation between yield and each of the other six 
characters were calculated by analyses of covariance. The results 
differed in magnitude for pair of characters ranged from .04 for kernel 
row number to .43 for ear length. 
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APPENDIX 
Table 1. The phenotypic covariances among the 11 branches for seven 
characters studied in 1962 
Phenotypic Plant Ear Kernel Ear Ear Kernel Yield 
covariance height height row no. length diameter weight 
AA 2250 1621 43.6 43.7 .54 181 9067 
BB 2226 2066 50.0 36.1 .76 135 3739 
CC 2309 2006 54.7 57.3 1.01 136 9511 
DD 2547 2119 50.1 28.1 1.02 159 3418 
EE 1943 1310 65.4 31.0 .74 159 6788 
FF 3828 3023 21.8 36.3 1.32 171 9024 
GG 5285 2858 38.9 51.7 .77 144 4276 
HH 3010 2415 55.1 42.5 1.02 178 1762 
JJ 4747 3330 55.3 59.1 .85 179 5400 
II 2471 1863 49.4 31.7 .91 136 6368 
KK 5110 3347 28.0 41.5 .61 124 4472 
AB 664 1025 8.6 10.0 .38  41 1917 
AC 334 273 -1.4 3.3 -.07 -34 -86 
AD 1372 837 28.1 30.8 .34 111 2051 
AE 1829 1129 33.1 34.3 . 36 124 5788 
AF 1985 1840 19.5 11.7 .53 122 1827 
AG 322 1024 20.9 28.9 .30 148 1230 
AH 193 140 38.4 9.4 .55 121 -1536 
AJ -696 -333 7.2 -15 .3 -.34 6 -4930 
AI 553 72 23.4 16.9 .31 102 928 
AK -793 -582 -15.3 14.4 -.29 14 -1231 
BC 1063 1270 40.5 21.0 .51 120 -155 
BD 1882 1472 41.4 30.1 .53 116 2353 
BE 1268 1422 43.7 22.3 .54 114 2480 
BF 686 2138 1.6 -5.9 .27 -45 2055 
BG -1216 676 -20.8 17.0 .14 3 1865 
BH 858 -501 -19.2 21.1 .48 26 2063 
BJ -1906 116 -7.4 -2.3 -.31 101 -1453 
BI 594 562 -1.9 10.0 .12 41 3580 
BK -198 821 -2.3 4.9 -.11 81 1285 
CD 1271 1337 40.3 26.1 .70 110 1364 
CE 841 1332 48.6  31.2 .75 94 5517 
CF -883 -403 10.3 .6 -.30 -15 1077 
CG -1810 -487 -13.1 -15.1 .45 10 -2807 
CH -212 -767 -18.1 -14.3 -.03 20 18 
CJ -1770 -801 -3.4 -5.2 -.62 49 -2708 
CI 384 597 -1.7 2.8 -.34 -38 234 
CK 498 1159 -2.0 -20.1 -.06 -7 -4099 
DE 2180 1923 42.5 27.9 .82 156 3754 
DF 494 1029 10.3 -12.6 -.21 75 -1616 
DG -1225 610 -5.5 .5 .14 116 -765 
Table 1. (Continued) 
Phenotypic Plant Ear Kernel Ear Ear Kernel Yield 
covariance height height row no. length diameter weight 
DH -780 502 -.3 -7.7 .35 46 818 
DJ -1347 367 -3.5 7.0 -.04 55 -3956 
DI 1442 1384 -8.5 8.7 -.11 63 -1630 
DK 514 1208 -10.2 -2.4 -.07 36 -1955 
EF 1348 1191 10.3 7.1 .02 80 4699 
EG 237 947 -.3 19.7 .07 108 1318 
EH 320 437 6.3 11.9 .22 56 -122 
EJ -1031 313 4.3 -4.3 -.25 51 -2464 
EI 1082 1081 4.0 7.5 .19 23 -762 
EK 1089 1482 -4.3 -2.3 -.55 -1 -3661 
FG 3268 2589 13.0 26.1 .29 128 3864 
FH 39 -205 13.8 5.3 .32 64 1248 
FJ 493 249 -1.3 3.7 .10 4 -884 
FI 117 716 8.3 -7.5 .24 83 872 
FK 2307 1275 -9.2 14.7 -.03 26 -841 
GH 2827 1540 21.5 24.2 .61 85 4583 
GJ 2830 1193 -4.3 8.2 .04 45 2579 
GI 543 1249 3.2 15.8 -.03 69 4447 
GK 3416 1877 -6.9 37.7 .46 1 4552 
HJ 2061 1923 40.6 39.0 .33 112 2867 
HI 456 1214 42.4 22.6 .23 145 4353 
HK 1439 325 6.7 34.7 .17 58 3217 
JI 486 1650 26.7 25.6 .00 108 1962 
JK 1178 812 27.9 38.2 .53 128 6226 
IK 1063 1783 17.9 32.7 .33 164 4015 
Table 2. The phenotypic covariances among the 11 branches for seven 
characters studied in 1963 
Phenotypic Plant hiar Kernel nar Jiar Kernel Yield 
covariance height height row no. length diameter weight 
AA 1477 1465 37.4 39.1 .66 187 6324 
BB 2266 2222 49.5 38.1 .41 117 7872 
CC 2842 2664 51.7 38.6 1.10 163 10459 
uD 1796 2309 41.9 32.0 .73 164 11584 
JiJi 1798 1444 50.6 22.3 .78 189 3519 
FF 4694 3964 36.2 45.6 1.08 175 6930 
GG 4649 3005 39.6 51.8 .75 176 6729 
HH 3609 2311 47.0 26.5 .97 251 1919 
JJ 4145 2831 47.1 47.8 1.09 117 7787 
II • 2807 2240 27.9 38.3 .95 210 9783 
KK 2999 2840 31.6 57.2 .93 132 3812 
AB -18 604 1.5 19.0 .15 -34 -2101 
AC 
-71 -372 6.2 -.56 .09 753 
Al» 410 688 23.2 35.7 .17 102 5214 
AiS 322 610 21.3 23.1 .40 81 2177 
AF 1034 1625 30.2 27.5 .50 174 3830 
AG -2 1401 31.8 18.9 .54 192 -3109 
AH -141 -548 9.2 -4.6 .07 112 -354 
AJ 314 489 19.0 -9.3 .06 25 -1915 
AI 142 -609 3.5 5.9 .01 97 -1248 
AK -198 131 4.7 3.2 .03 68 -2092 
BC 1287 1547 29.4 18.1 .71 100 5242 
Bt) 1094 1193 29.3 33.3 .40 88 10704 
BJtti 1276 1424 30.0 15.9 .45 97 3132 
BF -808 810 3.8 8.3 .07 37 -4488 
BG -983 518 -13.1 5.4 .25 -37 -1797 
BH -931 -1080 -20.2 7.2 .14 20 -1363 
BJ 395 468 -11.6 -5.1 .42 19 383 
BI 624 676 -3.7 8.2 -.04 9 -811 
BK 189 333 -3.1 -1.9 -.03 15 -2004 
Cu 2211 2476 45.1 21.5 .87 161 9376 
Ch 1349 1971 44.7 20.8 .86 47 4135 
CF -357 589 26.6 -2.0 .11 2 -1345 
CG -2008 -708 -9.0 -5.1 .07 34 -3666 
CH -462 -440 -7.2 -5.3 .09 33 1038 
CJ -685 -345 -8.2 14.4 .02 -7 3270 
CI -226 440 .7 -1.3 .03 21 2822 
CK -592 464 -.0 -4.9 -.50 -14 -58 
UK 1692 1913 42.9 20.9 .70 107 3392 
JJF -228 1035 24.0 .3 -.05 77 -1048 
Table 2. (Continued) 
Phenotypic Plant tiar Kernel £,ar Ear Kernel Yield 
covariance height height row no. length diameter weight 
uG -1979 -35 .9 6.5 -.20 103 -409 
uH -968 -97 -1.0 1.7 .27 57 -2236 
UJ -952 830 8.1 -.2 .12 -1 -270 
u l  -235 -25 -1.1 8.9 .02 7 -1735 
i>K 302 1517 3.2 2.6 -.36 -17 1417 
hF 459 797 20.2 1.3 .20 24 1922 
liG -835 156 -2.1 3.8 .10 83 1674 
ISH -621 -313 2.4 9.4 -.0 74 1326 
EJ -703 439 10.7 5.5 .10 21 2359 
EI 364 525 12.3 10.7 -.13 60 -461 
EK 655 1203 1.7 7.6 -.40 -8 -152 
FG 3071 3044 16.8 30.4 .36 160 2288 
FH 135 472 12.8 -4.0 .35 5 16 
FJ -1706 646 14.7 4.6 .02 23 -631 
FI 712 531 4.7 7.4 .12 52 3156 
FK 533 1827 2.7 15.2 -.29 76 398 
GH 2511 1084 10.1 15.4 .28 150 5017 
GJ 2068 1272 12.7 5.5 .42 39 2622 
GI 830 124 -8.8 19.3 .34 114 4857 
GK 1097 1275 5.0 43.9 .18 96 3658 
HJ 1356 1337 35.4 28.1 .22 147 1492 
HI 1164 767 22.9 16.5 .54 251 5287 
HK -438 124 18.9 30.2 .09 180 1941 
JI 1260 350 16.1 21.3 -.33 62 748 
JK 1374 1953 29.2 47.4 .53 118 3640 
IK 905 1498 18.4 40.3 .22 201 4094 
